Plesiosaurs are one of the common groups of aquatic reptiles in the Mesozoic, which mainly lived in marine environments. Freshwater plesiosaurs are rare in the world, especially from the Jurassic. The present paper reports the first freshwater plesiosaur, represented by four isolated teeth from the Middle Jurassic fluviolacustrine strata of Qingtujing area, Jinchang City, Gansu Province, Northwest China. These teeth are considered to come from one individual. The comparative analysis of the corresponding relationship between the body and tooth sizes of the known freshwater plesiosaur shows that Jinchang teeth represent a small-sized plesiosaurian. Based on the adaptive radiation of plesiosaurs and the palaeobiogeographical context, we propose a scenario of a river leading to the Meso-Tethys in the Late Middle Jurassic in Jinchang area, which may have provided a channel for the seasonal migration of plesiosaurs.
Introduction
Plesiosaurs are one of the most familiar groups of Mesozoic marine reptiles, which mainly lived in marine environments. The records of plesiosaurs in non-marine deposits are sparse in comparison to those from marine sediments. Among the known non-marine plesiosaurs, most are from the fluvial and lacustrine sediments (Andrews 1922; Young 1944; Bartholomai 1966; Young 1973; Dong 1980; Zhang 1985; Wu 1987; Xiao et al. 1991; Gao et al. 2004; Sato et al. 2005; Kear 2006; Sato and Wu 2006; Vajda and Raine 2010; Benson et al. 2013; Hornung et al. 2013; Vavrek et al. 2014) and only a few from limnic-brackish lagoon or estuarine deposits (Wiffen et al. 1995; Cruickshank 1997; Cruickshank and Fordyce 2002; Forrest and Oliver 2003; Vandermark et al. 2006; Kear 2007; Kear et al. 2009; Kear and Barrett 2011; Benson et al. 2012; Hampe 2013; Sachs et al. 2016; Sachs et al. 2017) . Freshwater plesiosaurs from the Jurassic are even rarer around the world (Thulborn and Warren 1980; Sato et al. 2003; Kear 2012) . Up to now, the taxonomic affinities of most freshwater plesiosaurs have remained unclear; some of them are referred to Plesiosauroidea (Cruickshank and Fordyce 2002; Sato and Wu 2006; Vandermark et al. 2006; Kear et al. 2009; Kear 2012; Vavrek et al. 2014) , and the others to Pliosauroidea (Cruickshank 1997; Sato et al. 2003; Kear 2006 Kear , 2007 Kear and Barrett 2011; Benson et al. 2012 Benson et al. , 2013 .
Before this study, all three Chinese genera of freshwater plesiosaurs were attributed to two families of Pliosauroidea; they came from Sichuan (Young 1944; Dong 1980; Gao et al. 2004; Peng et al. 2005) , Chongqing (Zhang 1985) and Yunnan (Xiao et al. 1991) in southwestern China and Xinjiang (Young 1973; Wu 1987) in northwestern China. Sinopliosaurus known from Sichuan, Yunnan and Xinjiang was referred to Pliosauridae, while both Bishanopliosaurus and Yuzhoupliosaurus found in Sichuan and Chongqing were referred to the Rhomaleosauridae.
Here we report four teeth of a freshwater plesiosaur from the Middle Jurassic of Qingtujing area, Jinchang City, Gansu Province, northwestern China, which were discovered by the field crew of Institute of Vertebrate Paleontology, Gansu Agricultural University (IVPG) in 2017. In this paper, we provide a detailed description of the teeth and discuss their palaeobiogeographical implications.
Geological background
The study area, Qingtujing, is located in Jinchang City, Gansu Province. The stratigraphic regionalization of this area is attributed to Chaoshui Basin of the North Qilian stratigraphic zone. The Jurassic here is comprised of the Early-Middle Jurassic Qingtujing Group and the Late Jurassic Shazaohe Formation (Fig. 1) . The bottom of the Qingtujing Group is missing because of a stratigraphic truncation by a fault, and the top of the Shazaohe Formation contacts the Neogene Baiyanghe Formation with an unconformity. The Qingtujing Group has been divided into two lithostratigraphic units, the Longfengshan Formation and the Xinhe Formation. The Longfengshan Formation is more than 200 m thick and consists of layers of gray conglomerate and pale-yellow sandstone interbedded with gray-black mudstone, producing petrified woods in the sandstone and Coniopteris hymenophylloides, C. tatungensis and other plant fossils in the mudstone. The Xinhe Formation is about 120 m in thickness. Its lower part consists of medium-thickbedded layers of straw-yellow conglomerate, sandstone, and siltstone interbedded with greenish-yellow silty mudstone, producing dinosaur remains in its upper sandstone. The upper part of the Xinhe Formation mainly consists of interbeds of bluish-gray shale and mudstone sandwiched with a tuff interlayer, producing a rich lacustrine invertebrate assemblage in the shale including bivalves and conchostracans. The plesiosaurian teeth and some coexistent chelonian remains were collected from a layer of fine conglomerates near the bottom of the upper part of the Xinhe Formation. The Shazaohe Formation is mainly comprised of brown to dark-purple mudstones, muddy siltstones and sandstones, with a thickness greater than 400 m; it has produced no fossils so far in this formation (Fig. 1) .
The megafossil plants, palynoflora from the lower part and the lacustrine invertebrate assemblage from the upper part of the Xinhe Formation (Wu et al. 1997; Jiang et al. 2003; Lu 2011; Deng et al. 2016) indicate that the plesiosaur-bearing horizon is of freshwater origin and late Bathonian in age (Li et al. 1982; Du 1985; Zhang et al. 2009 ). 
Methods
All of the four teeth were examined under the OLYM-PUS SZX10 microscope with the aid of NiKon D5 camera. The figures were prepared by using Adobe Photoshop CS6 and CorelDraw 12.0.
Systematic palaeontology
Superorder Sauropterygia Owen 1860
Order Plesiosauria de Blainville 1835 Gen. et sp. indet.
Materials
Institute of Vertebrate Paleontology, Gansu Agricultural University, IVPG-S01-S04, four isolated teeth.
Locality and horizon
Qingtujing, Jinchang City, Gansu Province, Northwest China; near the bottom of the upper part of the Xinhe Formation; Middle Jurassic.
Description
The four isolated teeth are most probably from a single individual because they were collected from the same layer of an outcrop ( Fig. 2 ) and they had similar morphology. IVPG-S01 ( Fig. 2a-d ) is nearly complete, with slender and slightly curved shape. Its preserved length is about 18.4 mm. The enamel surface of the crown is smooth, with ridges around it from the base to the tip. The cross-section of the crown is round. The root is almost straight, with no ridges on the surface. The crown height is about 9.7 mm, and its basal diameter is about 3.8 mm. The root length is about 8.5 mm, with its diameter about 4 mm, a bit larger than the basal diameter of the crown. The crown stoutness index (the height/basal diameter ratio of the crown) is approximately 2.55. The ridges on the crown surface are distinct and widely separated from each other. The ridges on the lingual (concave) surface of the crown extend to the tip, while most of those on the labial (convex) surface taper off before reaching the tip.
In general, it is difficult to determine the positions of isolated teeth on the upper and/or lower jaws (Cruickshank and Fordyce 2002; Schumacher et al. 2013) , however, there are still some diagnostic features. The posterior teeth are relatively longer than those of the anterior ones (McKean 2012) , and the curvatures of the posterior teeth are more pronounced (Taylor and Cruickshank 1993) . The root length of IVPG-S01 is relatively short and its crown only slightly curves, so that IVPG-S01 should not be a posterior tooth. In addition, the maxillary teeth of many plesiosaurs are larger than the mandibular ones (Druckenmiller 2002; Smith and Vincent 2010; Benson et al. 2011) , while the crown of IVPG-S01 is distinctly smaller than that of IVPG-S02, therefore IVPG-S01 might be a mandibular tooth near the middle region of the jaw. (Fig. 2e, f ) is a partial crown. The ridges on its surface are clear and extend to the tip. The maximum diameter is 5.1 mm. Compared with the crown stoutness index of IVPG-S01, the crown height of IVPG-S02 might reach 14-22 mm, therefore it might be a maxillary tooth.
IVPG-S03 and IVPG-S04 (Fig. 2g, h ) are also partial crowns, which are obviously smaller than IVPG-S01 and IVPG-S02. The preserved lengths are 4 mm and 4.5 mm respectively, and the ridges on the surfaces are morphologically comparable to IVPG-S01 and IVPG-S02.
Comparison and discussion
Due to the vast majority of non-marine plesiosaurian specimens being fragmentary, it is difficult to make comparisons among them. However, the shape and ornamentation of teeth sometimes have a certain diagnostic significance (Tarlo 1960; Brown 1981; Massare 1987; Schumacher et al. 2013; Sassoon et al. 2015) .
Compared with the known freshwater pliosauroid materials from China, the teeth of Sinopliosaurus weiyuanensis from the Upper Jurassic of Sichuan and S. weiyuanensis from the Lower Cretaceous of Xinjiang, despite their poor preservation, are slightly larger. The teeth of Bishanopliosaurus youngi from the Middle Jurassic of Sichuan are almost complete and very similar to the Jinchang specimens, but they curve more strongly. Yuzhoupliosaurus chengjiangensis from the Middle Jurassic of Chongqing preserved one intact germinated tooth located in the fifth position of the right mandible (Zhang 1985) . This tooth differs from the Jinchang specimens in having fine and dense ridges around the crown. It is interesting that the crowns of Jinchang specimens are very similar to those of Sinopliosaurus shezisis (Xiao et al. 1991 ) from the Upper Triassic of Yunnan, except the root of the latter is unknown.
The teeth of pliosaurids from the Lower Cretaceous of Australia (Kear 2006) differ from the Jinchang specimens in having fine ridges only on the labial surfaces, but other features are similar. The teeth of pliosaurids from the Lower Cretaceous of Australia (Benson et al. 2013) are different from the Jinchang specimens in having irregularly spaced and discontinuous ridges on the crown.
Compared with the known non-marine plesiosauroids, the Late Cretaceous plesiosauroid teeth from the Canadian Arctic have fine longitudinal ridges on the lingual surface, but have no or reduced ridges on the labial surface (Vandermark et al. 2006) , while the Jinchang specimens have even and continuous ridges around the crown. The plesiosauroid teeth from the Upper Cretaceous of Alberta, Canada (Sato and Wu 2006) have ridges with different lengths and spacings on the crown, and they do not reach the crown tip, which is similar to the Jinchang specimen in overall shape. In addition, the leptocleidid teeth from the Lower Cretaceous of Germany, South Africa and southern England differ from the Jinchang specimens in having ridges on the lingual surface and having no or few ridges on the labial surface (Cruickshank 1997; Kear and Barrett 2011; Hampe 2013 ).
The Jinchang teeth are similar to those of some pliosauroid teeth in enamel ridge ornamentation characteristics, including slight curvature, round crosssection, widely spaced ridges (Kear 2006; Ketchum and Benson 2011; Angst and Bardet 2016) , and the height/basal diameter ratio of crown varying from 2.0 to 3.0. In Pliosauroidea, the teeth of rhomaleosaurids have relatively simple and uniform shapes, and the crowns have relatively strong curvatures (Dong 1980; Massare 1987; Taylor 1992; Smith and Vincent 2010; Smith and Araujo 2017) (Fig. 3) , while the pliosaurid teeth have diverse shapes, and among the teeth of different genera there are few differences. The Jinchang specimens have more even ridge spacings of the crown, but they are similar to Sinopliosaurus, Pachycostasasaurus, Pelenoustes, Liopleurodon in some features such as with distinct ridges around the crown and extending almost to the tip (Noè 2001; Sassoon et al. 2015; Madzia 2016) . Therefore, Jinchang specimens may be closer to members of Pliosauridae, but this speculation requires more skull material to verify.
The plesiosaurs occurred in the non-marine environments are typically dominated by small individuals or juveniles (Forrest and Oliver 2003; Sato et al. 2003; Kear 2006; Vandermark et al. 2006; Kear and Barrett 2011; Benson et al. 2012; Hampe 2013; Vavrek et al. 2014; Sachs et al. 2016) , but there are also a few records of large ones (Benson et al. 2013; Sachs et al. 2017) . Table 1 shows that the crown heights of the individuals with medium to large body size are at least not less than 36 mm, while those of the individuals with small body size range from 4.5 mm to 54 mm. Although it is inherently uncertain to estimate the body sizes based on isolated teeth, the comparison (Table 1) shows that the Jinchang specimens should come from a small pliosaurid individual.
There are several hypotheses on the occurrences of plesiosaurian remains in non-marine sediments, including that they were forced to seek refuge in a freshwater or inshore environment by survival competition (Andrews 1922; Cruickshank 1997; Kear 2006; Sato and Wu 2006) , etc. A popular view considers that there was an adaptive radiation/migration for plesiosaurs because the water temperature and the amount and types of seasonal food changed or in order to survive from competition with different groups in the same habitat (Dong 1980; Sato et al. 2003; Kear 2007; Vavrek et al. 2014) . Moreover, In Peng et al. 2005 , the tooth ZDM 4001 belonged to Bishanopliosaurus youngi and placed under Rhomaleosauridae. In Vandermark et al. 2006 , the two teeth were called Axel Heiberg specimens, and they have no specimen number L = Tooth length; H = Crown height; D = Basal diameter of crown; M = Measured data according to the tooth picture in the original paper ZDM Zigong Dinosaur Museum; CMN Canadian Museum of Nature; NMV Museum Victoria, Melbourne; AM Australian Museum, Sydney; QM Queensland Museum, Brisbane; SMNS Staatliches Museum für Naturkunde, Stuttgart plesiosaurs may have had certain habitat preference at different stages of ontogeny, and their juveniles may have had a better adaptability against estuarine or fluviolacustrine environments (Wiffen et al. 1995; Sato and Wu 2006; Benson et al. 2012; Vavrek et al. 2014) . So far, most of reported non-marine plesiosaurs are actually juveniles or small individuals, as is also true in China. It is noticeable that the adults and juveniles of the leptocleidid group commonly occurred in freshwater and near shore sediments of the same area in the Cretaceous, and therefore it was speculated that this group could have lived independently in non-marine environments (Russell 1931; Forrest and Oliver 2003; Kear and Barrett 2011; Naish 2013) . In addition, the hypothesis that freshwater plesiosaurs can survive independently in freshwater environments also has been proposed in China (Wu 1987) .
In the Early to Middle Jurassic, the palaeostructural pattern and palaeogeographical environments of northwestern China were relatively uniform. The mountain ranges, including Tianshan, Qilian and Kunlun Mountains, had become a peneplain by erosion and deplanation in the whole area at that time (Zhao 1998; Liu 2004; Deng et al. 2017; Hu et al. 2017) . The EarlyMiddle Jurassic fluviolacustrine sediments are widely distributed on both sides of the Qilian Mountains (including Qaidam Basin in the south and Hexi Corridor Basin and Chaoshui Basin in the north). The MesoTethys Seaway completely retreated to the south of Bayan Har Mountains and widespread marinecontinental and marine deposits occurred in the southwestern part of Tanggula Mountains (Bureau of Geology and Mineral Resources of Qinghai Province 1991). The aforementioned palaeogeographical studies and the work on the evolution of the continental plate movement in China (Hong et al. 2005) suggest that there may have been a channel for the seasonal migration of plesiosaurs from Meso-Tethys to freshwater in Jinchang area during the late Middle Jurassic (Fig. 4) .
Conclusions
The first discovered plesiosaur teeth from the Middle Jurassic freshwater sediments of Jinchang, Gansu should be assigned to Pliosauridae and possibly represent a new taxon. Their occurrence in Jinchang area supports the view that plesiosaurs could migrate seasonally between sea and inland freshwater, and implies that in this area there existed a river leading to Meso-Tethys in the late Middle Jurassic. 
